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ABSTRACT
Two competing but nonexclusive hypotheses to explain the
reduced basal metabolic rate (BMR) of mammals that live and
forage underground (fossorial species) are examined by com-
paring this group with burrowing mammals that forage on the
surface (semifossorial species). These hypotheses suggest that
the low BMR of fossorial species either compensates for the
enormous energetic demands of subterranean foraging (the
cost-of-burrowing hypothesis) or prevents overheating in
closed burrow systems (the thermal-stress hypothesis). Because
phylogentically informed allometric analysis showed that arid
burrowing mammals have a significantly lower BMR than me-
sic ones, fossorial and semifossorial species were compared
within these groups. The BMRs of mesic fossorial and semi-
fossorial mammals could not be reliably distinguished, nor
could the BMRs of large (177 g) arid fossorial and semifossorial
mammals. This finding favours the thermal-stress hypothesis,
because the groups appear to have similar BMRs despite dif-
ferences in foraging costs. However, in support of the cost-of-
burrowing hypothesis, small (!77 g) arid fossorial mammals
were found to have a significantly lower BMR than semifos-
sorial mammals of the similar size. Given the high mass-specific
metabolic rates of small animals, they are expected to be under
severe energy and water stress in arid environments. Under
such conditions, the greatly reduced BMR of small fossorial
species may compensate for the enormous energetic demands
of subterranean foraging.
Introduction
Among those animals that seek subterranean refuge, two groups
can be distinguished. Semifossorial animals (e.g., pouched mice
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Saccostomus campestris) forage on the surface and construct
burrow refuges that may be used for caching food, reproduc-
tion, and so forth, whereas truly fossorial animals (e.g., pocket
gophers Thomomys bottae) live and forage entirely beneath the
surface (McNab 1979b; Nevo 1979). Generally, semifossorial
species construct relatively short, structurally simple burrow
systems, whereas those excavated by fossorial animals are
longer, more complex, and represent a much more substantial
energetic investment (Vleck 1979, 1981).
Fossorial animals show a reduction in basal metabolic rate
(BMR) below allometric predictions based on other mammals
(McNab 1979b; Lovegrove 1986a; Bennett and Spinks 1995).
The cost-of-burrowing hypothesis suggests that reduced BMR
may compensate for the enormous energetic demands of sub-
terranean foraging (Vleck 1979, 1981). The thermal-stress hy-
pothesis proposes that reduced BMR may minimise the chance
of overheating in closed burrow systems where evaporative wa-
ter loss and convective cooling are substantially reduced
(McNab 1966, 1979b).
While the cost-of-burrowing hypothesis remains largely un-
challenged, much of the support for the thermal-stress hy-
pothesis is somewhat equivocal (Contreras 1986), and a re-
analysis of McNab’s (1966) early data by Gettinger (1975) even
provided an opposing interpretation. Gettinger’s (1975) anal-
ysis indicated that fossorial animals have lower thermal con-
ductance than is expected based on body mass. This supports
the idea that prevention of hypothermia is more important
than overheating.
Since these studies, a wealth of information on BMR for
both fossorial and semifossorial species has accumulated, phy-
logenetically informed (PI) analyses have strengthened tests of
adaptation (Harvey and Pagel 1991; Garland et al. 1993, 1999;
Garland and Ives 2000), and many phylogenies of mammals
have appeared, two of which are considered here (Novacek
1992; Madsen et al. 2001). This study uses this information to
test the cost-of-burrowing and thermal-stress hypotheses by
allometrically comparing BMRs of fossorial and semifossorial
burrowers. In addition, distinction was made between animals
from arid and mesic environments because arid-adapted ani-
mals tend to have a lower metabolic rate than those from mesic
environments (e.g., McNab 1979a; Maloiy et al. 1982; Love-
grove 1986b; Haim 1987; Downs and Perrin 1994; Seymour et
al. 1998). This design accounts for a greater proportion of
residual variation in BMR and facilitates comparison of fos-
sorial and semifossorial species in an environment where dif-
ferences relating to thermal stress and low foraging energy re-
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Figure 1. Hypothesised phylogeny based on Madsen et al. (2001) and other references (see app. B for details). Phylogeny based on a combination
of molecular clock and fossil information. Branch lengths represent time since divergence; scale m.yr.; total tree m.yr.barp 50 heightp 200
Two-letter codes denote tip species (see app. A).
turns (both of which are expected to be exacerbated in arid
environments) might be most prominent. Given that only fos-
sorial mammals forage beneath the surface, if they have a lower
BMR than semifossorial species, the cost-of-burrowing hy-
pothesis would be supported. Alternatively, allometrically sim-
ilar BMRs would support the thermal-stress hypothesis because
the reduction in BMR can then be attributed to factors common
to both groups, of which burrow construction and occupancy
are immediately obvious.
Methods
Allometric Relationships between BMR and Body Mass
Values for BMR (mL O2 min
1) were sourced from the literature
(app. A). Where multiple values were available for a species,
the arithmetic mean was calculated. Values were accepted only
if the animals were resting and conscious. Adult body mass was
obtained from multiple published sources when body mass was
not provided in a paper from which measurements were used.
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Table 1: Conventional and PI regression parameters relating
body mass (M) and BMR for burrowing mammals
Subset and
Regression
Method a b
Predicted BMR
10 g 100 g 1 kg 10 kg
All:
Conventional .073 .643 .321 1.41 6.19 27.2
PI .048 .698 .241 1.20 6.00 29.9
Arid:a
Conventional .067 .647 .296 1.31 5.82 25.8
PI .036 .738 .197 1.08 5.91 32.2
Mesic:
Conventional .112 .586 .433 1.67 6.42 24.7
PI .098 .605 .394 1.59 6.39 25.7
Note. Regression equations are of the form . PI regressions werebBMRp aM
calculated using the phylogeny of Madsen et al. (2001).
a Excluding those species found to be different from the remainder by the
Johnson-Neyman technique.
Table 2: ANCOVA comparison of BMRs of arid and
mesic fossorial and semifossorial mammals
Analysis Method
and Subset Source F P
Arid vs. mesic:
All:
Conventional Among slopes 5.66 .019
Among groups NA
PI Among slopes 5.66 .087
Among groups 1.42 !.005
Fossorial vs. semi-
fossorial:
All:
Conventional Among slopes .178 .67
Among groups .13 .72
PI Among slopes .178 1.9
Among groups .13 1.9
Arid:
Conventional Among slopes 10.1 .003
Among groups NA
PI Among slopes 10.1 !.025
Among groups NA
Mesic:
Conventional Among slopes 4.5 .038
Among groups NA
PI Among slopes 4.5 1.1
Among groups .253 1.75
Note. PI ANCOVA was undertaken using phylogeny of Madsen et al.
(2001). applicable.NAp not
The data were disregarded if no body mass could be found in
reputable literature. Log-transformed data were expressed in
the form of least squares regression of log(BMR) on log(body
mass). Felsenstein’s (1985) phylogenetically independent con-
trasts were calculated using the PDTREE module of the PDAP
suite of programs (Garland et al. 1993, 1999; Garland and Ives
2000). PI regression slopes were calculated by producing a scat-
ter plot of the standardised contrasts for log(BMR) and log(M)
and computing a linear least squares regression constrained to
pass through the origin. A phylogentically informed regression
equation was then mapped back onto the original data by con-
straining a line with this slope to pass through the bivariate
mean estimated by independent contrasts (e.g., Garland et al.
1993). Species were scored as fossorial or semifossorial ac-
cording to descriptions of the main site of feeding in the ref-
erence from which BMR data were taken. If this source pro-
vided insufficient information for this classification, further
information was found in a general textbook on mammals
(Nowak 1999). Classification of species as arid or mesic fol-
lowed the same procedure and was based on the original de-
scription of the species’ habitat. Generally, species described in
the literature as semiarid were pooled with arid species, except
where such a classification conflicted with other reports, in
which case the most common classification was adopted.
Phylogenetic ANCOVA
Intergroup comparisons of BMR were made using conven-
tional and phylogenetic ANCOVA ( ). Phylogeneticap 0.05
ANCOVA was undertaken using the PDTREE, PDSIMUL,
PDANOVA, and PDSINGLE modules of the PDAP suite of
programs (Garland et al. 1993, 1999; Garland and Ives 2000).
Phylogenetic ANCOVA was undertaken based on two phylog-
enies (Novacek 1992; Madsen et al. 2001). These trees differed
topologically only in the relationships at family level and above.
With respect to the species considered in this analysis, the major
topological difference between the trees lies in the arrangement
of Insectivora. Madsen et al. (2001) consider this order not to
be monophyletic: Chrysochloridae and Tenrecidae lie within
the Afrotheria clade, while the remaining insectivores lie within
the Laurasiatheria clade. With the exception of these differences,
the phylogenies are identical. The tree based on most recent
information is depicted in Figure 1. The inclusion of two phy-
logenies was intended to reduce the degree to which the study
was affected by the uncertainty of phylogenetic hypotheses.
A gradual Brownian model of evolution, with limits, was
used for all evolutionary simulations conducted for phyloge-
netic ANCOVA. Ten thousand simulations were used for each
comparison, and data were constrained using the “throw out”
algorithm, which restarts any simulation in which characters
move outside specified limits. The minimum mass of simulated
node and tip species was 1 g. This is similar to the minimum
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Figure 2. Relationship between body mass and BMR for fossorial (open
circle) and semifossorial (filled circle) mammals from arid and mesic
environments. Solid lines were calculated using conventional regres-
sion; broken lines were calculated using phylogenetically independent
contrasts based on two phylogenetic hypotheses (Novacek 1992; Mad-
sen et al. 2001) that were not visually distinguishable. Equations of
the regression lines are in Table 1. The three arid species indicated
with arrows have significantly different BMRs from the remaining arid
burrowing species and were therefore not included in the regressions
for arid species (Johnson-Neyman technique, ).Pp 0.01
used in other studies, under the assumption that the smallest
extant or extinct mammal probably weighed no less than 1–2
g (Garland et al. 1993). The maximum permitted mass was 100
kg. This is roughly twice the mass of the aardvark Orycteropus
afer, which is the largest burrowing mammal in the current
data set. This mass range encompasses all extant burrowing
mammals (Woolnough and Steele 2001). Minimum permitted
BMR was 0.004 mL O2 min
1, which is one-twentieth of that
of Eremitalpa granti namibensis, which had the lowest BMR of
the small mammals. Maximum BMR of simulated node and
tip species was 205 mL O2 min
1, which again is roughly twice
that of O. afer. The starting mean and variance of each evo-
lutionary simulation was set to be the same as those for the
tip species in the analysis (i.e., there was assumed to be no
directional evolutionary trend in mass or BMR). The correla-
tion between mass and BMR of the simulated data was also
identical to that of the input data.
Comparison of Groups with Heterogenous Regression Slopes
Where ANOVA finds a significant interaction between a covariate
and treatment effects (i.e., heterogenous regression slopes), anal-
ysis of adjustment treatment means using ANCOVA cannot be
undertaken because the magnitude of the treatment effect will
vary as a function of the covariate. However, application of the
Johnson-Neyman technique allows determination of a “region
of nonsignificance” within which group elevations are not sig-
nificantly different (White 2003). Where significantly heteroge-
nous regression slopes were detected in this study, the Johnson-
Neyman technique was applied at a significance level of ap
. Use of a low significance level was intended to compensate0.01
for the lack of phylogenetic information incorporated in the
Johnson-Neyman technique. This was considered appropriate
because PI statistical methods typically have confidence intervals
wider than those calculated using conventional statistical meth-
ods (Garland et al. 1999).
Results
PI analyses using each of the phylogenetic hypotheses were
generally in agreement, and double-log least squares regression
exponents and coefficients for the two phylogenetic methods
are remarkably similar, typically differing only in the third or
fourth decimal place. For this reason, only results of conven-
tional and PI regressions arbitrarily based on Madsen et al.
(2001) are presented (Table 1). Results of ANCOVA analyses
are summarised in Table 2. All analyses detected a difference
between arid and mesic species, so comparison of fossorial and
semifossorial species was undertaken within these groups (Fig.
2a, 2b). Both conventional and phylogenetic ANCOVA detected
a difference between the slope of the double-log regressions for
arid fossorial and arid semifossorial mammals (Table 2). How-
ever, the Johnson-Neyman technique showed that arid fossorial
mammals with a mass !76.7 g have a BMR lower than arid
semifossorial mammals, while those with a greater mass have
a BMR statistically indistinguishable from arid semifossorial
species ( ). Three fossorial species (Notoryctes caurinus,Pp 0.01
Heterocephalus glaber, and Eremitalpa granti namibensis) were
therefore separated from the remaining arid burrowing species
(Fig. 2a). The allometric regression for arid burrowing species
therefore includes both fossorial and semifossorial species, with
only N. caurinus, H. glaber, and E. g. namibensis excluded. Mesic
fossorial and semifossorial species were found not to have sig-
nificantly different regressions of log(BMR) on log(body mass)
(Fig. 2; Table 2).
Discussion
Conventional or PI? On the Choice of Method
Although conventional and PI ANCOVA are generally in agree-
ment (Table 2), the regression equations produced by the dif-
ferent statistical approaches can differ markedly, as is the case
for the regressions for arid burrowing species in this study. At
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the lower end of the mass range of these animals (10 g), the
PI regression BMR estimate is 67% of the conventional re-
gression estimate, while at the upper end of the mass range (10
kg), the PI estimate is 125% of the conventional regression
estimate (Table 1). It is important to note, however, that the
PI method neither systematically increases nor decreases re-
gression slopes (Ricklefs and Starck 1996; C. R. White, un-
published data). In some cases, PI regressions differ little from
the conventional alternative, as is evidenced by the almost in-
distinguishable PI and conventional regressions for mesic bur-
rowing animals (Fig. 2a). Despite this, results of conventional
and PI ANCOVA and regression have been provided both to
demonstrate the differences between the methods and to show
that, in this case, interpretation is largely independent of the
statistical method preferred.
Reduced BMR of Fossorial Mammals: Cost of Burrowing or
Thermal Stress?
The cost-of-burrowing hypothesis (Vleck 1979, 1981) proposes
that fossorial mammals have a reduced BMR to compensate
for the enormous energetic demands of subterranean foraging.
Logical extension of this idea leads to the hypothesis that fos-
sorial animals should have lower BMRs than semifossorial an-
imals. However, this study has shown that, for mammals from
mesic environments, fossorial and semifossorial species do not
have significantly different BMRs (Tables 1, 2).
A recognised alternative to the cost-of-burrowing hypothesis
is the thermal-stress hypothesis, which proposes that fossorial
animals have a reduced BMR to prevent overheating in closed
burrow systems where evaporative water loss and convective
cooling are substantially reduced (McNab 1966, 1979b). Al-
though rejection of the cost-of-burrowing hypothesis does not
provide unequivocal support for the thermal-stress hypothesis,
the latter does provide an alternative explanation that must be
examined. However, the thermal-stress hypothesis is also not
entirely satisfactory because it neglects the possibility of heat
loss by conduction to the soil, which has been shown to be
important in the thermoregulatory physiology of both arid and
mesic species. For example, arid species such as the antelope
ground squirrel Ammospermophilus leucurus may tolerate tran-
sient hyperthermia during bouts of surface activity and then
dissipate excess heat upon return to their burrows (Chappell
and Bartholomew 1981a, 1981b). Similarly, the damp subter-
ranean environment occupied by the star-nosed mole Condy-
lura cristata (Hickman 1983) could present a significant ther-
moregulatory challenge to fossorial animals, many of which are
poor thermoregulators with low and labile body temperatures
(Bradley et al. 1974; Bradley and Yousef 1975; Withers 1978;
Withers and Jarvis 1980; Bennett et al. 1994; Seymour et al.
1998; Withers et al. 2000). However, the star-nosed mole is
able to regulate its body temperature precisely at ambient tem-
peratures between 0 and 30C (Campbell et al. 1999). Such
precision is required because of the high rates of conductive
heat loss both to water during aquatic foraging bouts and to
soil while inactive within its burrow. It therefore seems likely
that burrowing species have access to microenvironments where
heat can be offloaded to the soil, though this may not always
be possible in the uppermost soil layers where temperatures
can rise above the upper limits of thermoneutrality (e.g., Love-
grove and Knight-Eloff 1988). In such cases, deeper regions of
the soil are often significantly cooler.
In support of the cost-of-burrowing hypothesis, this study
has also shown that three small arid fossorial species, the Namib
Desert golden mole Eremitalpa granti namibensis, the north-
western marsupial mole Notoryctes caurinus, and the naked
mole rat Heterocephalus glaber, do indeed have a significantly
lower BMR than other arid burrowing species (Fig. 2a). Given
their small masses, these animals are expected to have high
mass-specific metabolic rates and might therefore be expected
to be under severe energy and water stress in arid environments.
Consequently, their reduced BMR compensates for the enor-
mous cost of burrowing relative to the meagre returns available
in arid environments.
Adjustment of BMR as an Adaptation to Arid Environments
A vast body of literature exists regarding reduction of field and
BMRs as an adaptation to arid environments in mammals (e.g.,
McNab 1979a; Maloiy et al. 1982; Lovegrove 1986b; Haim 1987;
Downs and Perrin 1994; Seymour et al. 1998). This article,
which compares more than 100 species that occupy similar
niches and show several orders of magnitude variation in body
mass, supports the conclusion that arid animals have a reduced
BMR relative to their mesic counterparts. The strength of this
conclusion is further enhanced by PI analyses and the inclusion
of two phylogenetic tree topologies. Conventional and phylo-
genetic analyses have also recently provided strong support for
a reduction in BMR of arid birds (Tieleman and Williams 2000).
The low BMR of arid animals may be associated with increasing
life span in an environment where reproduction is not nec-
essarily an annual event (Haim 1987). However, few published
studies support this hypothesis. Comparing strains of labora-
tory mice Mus musculus, Storer (1967) reported a positive cor-
relation between BMR and longevity, while Konarzewski and
Diamond (1995) found that longer-lived strains have lower
BMRs than shorter-lived strains. Several studies have reported
no significant relationship between residual variation in BMR
and residual variation in longevity (Read and Harvey 1989;
Harvey et al. 1991; Symonds 1999; Morand and Harvey 2000).
A compilation of data for 255 species from the literature showed
a significant correlation between life span and BMR, after re-
moving the effect of body mass ( , ; C. R.rp0.2 P ! 0.001
White, unpublished data); however, arid mammals were found
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to have a life span not significantly different from mesic species
(ANCOVA, , ; C. R. White, unpublishedF p 0.2 Pp 0.651, 197
data). Therefore, although mammals with low BMRs live longer
than animals with high BMRs, arid-adapted mammals live no
longer than their mesic counterparts, suggesting that the re-
duced BMR of arid animals is unlikely to have arisen as an
adaptation to increase life span.
An alternative hypothesis explaining the difference in BMR
between arid and mesic mammals, and the one favoured here,
is that the low BMR of arid animals may reduce food re-
quirements and energy expenditure in environments where re-
sources are sparse and widely distributed (Lovegrove 1986a).
This hypothesis is supported by experiments in which labo-
ratory mice selectively bred for low food intake rates show a
reduction in BMR relative to those selected for high food intake
rates (Selman et al. 2001a, 2001b).
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Appendix A
Table A1: Body mass, BMR, habitat, and foraging mode of burrowing mammals
Species
Mass
(g)
BMR
(mL O2
min1) Habitat Foraging Mode Reference
Monotremata:
Ornithorhynchidae:
Ornithorhynchus anatinus (Or) 1,311 7.93 Mesic Semifossorial Dawson et al. 1979
Metatheria:
Dasyuridae:
Antechinus swainsoni (Aw) 66.9 1.05 Mesic Semifossorial Chappell and Dawson 1994
Dasyuroides byrnie (Db) 115 1.25 Arid Semifossorial Dawson and Dawson 1981
Sminthopsis crassicaudata (SC) 14.2 .26 Arid Semifossorial Chappell and Dawson 1994
Notoryctidae:
Notoryctes caurinus (Nc) 34 .36 Arid Fossorial Withers et al. 2000
Thylacomydae:
Macrotis lagotis (Ml) 1,011 5.97 Arid Semifossorial Hulbert and Dawson 1974
Vombatidae:
Lasiorhinus latifrons (Ll) 18,250 27.38 Arid Semifossorial Wells 1978
Eutheria:
Carnivora:
Canidae:
Fennecus zerda (Fz) 1,215 9.72 Arid Semifossorial Maloiy et al. 1982
Mustelidae:
Mustela vision (Mv) 703.7 8.58 Mesic Semifossorial Farrell and Wood 1968
Taxidea taxus (TT) 9,000 45.00 Mesic Semifossorial Harlow 1981
Edentata:
Dasypodidae:
Cabassous centralis (CC) 3,810 13.34 Mesic Semifossorial McNab 1980
Chaetophractus nationi (Cn) 2,150 9.32 Arid Semifossorial McNab 1980
Chaetophractus vellerosus (Cv) 1,110 5.18 Arid Semifossorial McNab 1980
Chaetophractus villosus (Cs) 4,540 13.47 Arid Semifossorial McNab 1980
Dasypus novemcincus (Dn) 3,510 19.66 Mesic Semifossorial McNab 1980; Boggs et al. 1998
Euphractus sexcinctus (Es) 8,190 20.61 Mesic Semifossorial McNab 1980
Priodontes maximus (Pm) 45,190 50.46 Mesic Semifossorial McNab 1980
Zaedyus pichiy (Zp) 1,740 6.67 Mesic Semifossorial McNab 1980
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Table A1 (Continued)
Species
Mass
(g)
BMR
(mL O2
min1) Habitat Foraging Mode Reference
Insectivora:
Chrysochloridae:
Amblysomus hottentotus (Ah) 69.8 1.59 Mesic Fossorial Kuyper 1979, cited in Bennett and Spinks
1995
Chrysochloris asiatica (CA) 44 .86 Mesic Fossorial Bennett et al. 1994
Eremitalpa namibensis (En) 20 .17 Arid Fossorial Seymour et al. 1998
Erinaceidae:
Erinaceus albiventris (Ea) 450 2.48 Mesic Semifossorial McNab 1980
Erinaceus concolor (Ec) 822.7 5.79 Mesic Semifossorial Kro´l 1994
Erinaceus europaeus (Ee) 750 5.63 Mesic Semifossorial Shkolnik and Schmidt-Nielsen 1976
Hemiechinus auritus (He) 400 2.53 Arid Semifossorial Shkolnik and Schmidt-Nielsen 1976
Paraechinus aethiopicus (Pa) 450 1.88 Arid Semifossorial Shkolnik and Schmidt-Nielsen 1976
Talpidae:
Neurotrichus gibbsii (Ng) 10 1.05 Mesic Fossorial Vleck and Kenagy 1987, cited in
Lovegrove 1989
Scalopus aquaticus (Sa) 48 1.13 Mesic Fossorial McNab 1979b
Scapanus orarius (So) 59 1.75 Mesic Fossorial Vleck and Kenagy 1987, cited in
Lovegrove 1989
Scapanus townsendi (St) 148 2.89 Mesic Fossorial Vleck and Kenagy 1987, cited in
Lovegrove 1989
Tenrecidae:
Setifer setosus (SS) 530 2.03 Mesic Semifossorial McNab 1980
Lagomorpha:
Ochotonidae:
Ochotona daurica (Od) 127.7 3.96 Arid Semifossorial Weiner and Go´recki 1981
Pholidota:
Manidae:
Manis pentadactyla (Mp) 3,638 11.13 Mesic Semifossorial Heath and Hammel 1986
Rodentia:
Aplodontidae:
Aplodontia rufa (Ap) 630 4.62 Mesic Semifossorial McNab 1979b
Bathyergidae:
Bathyergus janetta (Bj) 406 3.59 Arid Fossorial Lovegrove 1986b
Bathyergus suillus (Bs) 620 5.06 Mesic Fossorial Lovegrove 1986b
Cryptomys bocagei (Cb) 94 1.16 Mesic Fossorial Bennett et al. 1994
Cryptomys damarensis (Cd) 138 1.31 Arid Fossorial Lovegrove 1986a; Lovegrove and Knight-
Eloff 1988
Cryptomys hottentotus amatus (Ct) 79.5 .92 Mesic Fossorial Bennett et al. 1994; Marhold and Nagel
1995
Cryptomys hottentotus darlingi (Cl) 60 .98 Mesic Fossorial Bennett et al. 1993
Cryptomys hottentotus hotten-
totus (CE) 75 1.13 Arid Fossorial Bennett et al. 1992
Cryptomys mechowi (Cm) 267 2.67 Mesic Fossorial Bennett et al. 1994
Georhychus capensis (Gc) 197 1.94 Mesic Fossorial Du Toit et al. 1985
Heliophobius argentocinereus (Ha) 88 1.25 Arid Fossorial McNab 1979b
Heterocephalus glaber (Hg) 32 .34 Arid Fossorial McNab 1966; Withers and Jarvis 1980
Ctenomyidae:
Ctenomys fulvus (Cf) 300 3.15 Arid Semifossorial Contreras 1983, cited in McNab 1988
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Table A1 (Continued)
Species
Mass
(g)
BMR
(mL O2
min1) Habitat Foraging Mode Reference
Ctenomys maulinus (Ca) 215 3.12 Mesic Semifossorial Contreras 1983, cited in McNab 1988
Ctenomys peruanus (Cp) 490 3.68 Mesic Semifossorial McNab 1979b
Ctenomys sp. (Cy) 197 2.17 Mesic Semifossorial Contreras 1983, cited in McNab 1988
Echimyidae:
Proechimys iheringi (PH) 223.9 3.07 Mesic Semifossorial Barros et al. 1998
Proechimys yonenagae (Py) 243.3 2.55 Mesic Semifossorial Barros et al. 1998
Geomyidae:
Geomys bursaris (GB) 197 2.30 Mesic Fossorial Bradley and Yousef 1975
Geomys pinetis (Gp) 173 2.22 Mesic Fossorial McNab 1966; Ross 1980
Thomomys bottae (Tb) 143 2.00 Mesic Fossorial Vleck 1979
Thomomys talpoides (Tt) 106.8 2.37 Mesic Fossorial Gettinger 1975
Thomomys umbrinus (TU) 85 1.20 Arid Fossorial Bradley et al. 1974
Heteromyidae:
Dipodomys deserti (Dd) 106 1.54 Arid Semifossorial McNab 1979a
Dipodomys merriami (Dm) 34.7 .69 Arid Semifossorial Dawson 1955
Dipodomys microps (Di) 57.2 1.12 Arid Semifossorial Breyen et al. 1973
Dipodomys panamintinus (DP) 56.9 1.14 Arid Semifossorial Dawson 1955
Heteromys anomalus (Ht) 69.3 1.67 Mesic Semifossorial McNab 1979a
Liomys irroratus (Li) 48.1 .90 Arid Semifossorial Hudson and Rummel 1966
Liomys salvani (Ls) 43.8 .78 Arid Semifossorial Hudson and Rummel 1966
Microdipodops pallidus (Ho) 15.2 .33 Arid Semifossorial Bartholomew and MacMillen 1960
Perognathus californicus (Pf) 22 .36 Arid Semifossorial Tucker 1965
Perognathus hispidus (Pu) 39.5 .82 Arid Semifossorial Wang and Hudson 1970
Perognathus intermedius (Pi) 15 .30 Arid Semifossorial Bradley et al. 1975
Perognathus longimembris (Pl) 8.9 .16 Arid Semifossorial Chew et al. 1967
Muridae:
Arvicolinae:
Microtus agrestis (Ma) 28 1.06 Mesic Semifossorial McDevitt and Speakman 1996
Microtus montanus (Mo) 30.8 1.36 Arid Semifossorial Packard 1968
Microtus pinetorum (Pp) 25.5 .97 Mesic Semifossorial McNab 1979b
Cricetinae:
Mesocricetus auratus (MA) 120 1.72 Arid Semifossorial Tegowska and Gebczynski 1975
Gerbillinae:
Desmodillus auricularis (Da) 71.9 1.46 Arid Semifossorial Downs and Perrin 1994
Gerbillus allenybi (Ga) 35.3 .65 Arid Semifossorial Haim 1984
Gerbillus manus (Gm) 28.4 .37 Arid Semifossorial Haim 1984
Meriones unguicalatus (Mu) 66.9 1.27 Arid Semifossorial Weiner and Go´recki 1981
Tatera leucogaster (Tl) 157.6 2.21 Mesic Semifossorial Downs and Perrin 1994
Murinae:
Apodemus mystacinus (Am) 40.4 .93 Mesic Semifossorial Haim 1987
Apodemus sylvaticus (Ay) 23.9 .72 Mesic Semifossorial Haim 1987
Hydromys chrysogaster (Hc) 790 7.73 Mesic Semifossorial Dawson and Fanning 1981
Leggadina hermannsburgensis (Lh) 12.2 .39 Arid Semifossorial MacMillen and Lee 1970
Notomys alexis (Na) 32.3 .75 Arid Semifossorial MacMillen and Lee 1970
Notomys cervinus (Ne) 34.2 .70 Arid Semifossorial MacMillen and Lee 1970
Praomys natalensis (Pn) 41.5 .55 Arid Semifossorial Haim and Fourie 1980
Pseudomys gracilicaudatus (Pg) 79.8 1.40 Mesic Semifossorial Dawson and Dawson 1981
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Table A1 (Continued)
Species
Mass
(g)
BMR
(mL O2
min1) Habitat Foraging Mode Reference
Rhizominae:
Cannomys badius (Ci) 344 2.87 Mesic Semifossorial McNab 1979b
Tachyoryctes splendens (Ts) 191 2.51 Mesic Fossorial McNab 1979b
Sigmodontinae:
Baiomys taylori (Bt) 7.3 .24 Arid Semifossorial Hudson 1965
Peromyscus eremicus (Pe) 17.4 .45 Arid Semifossorial MacMillen 1965
Octodontidae:
Aconaemys fuscus (Af) 112 2.02 Mesic Semifossorial Contreras 1983, cited in McNab 1988
Octodon degus (Oc) 179.9 2.48 Mesic Semifossorial Bozinovic and Novoa 1997
Spalacopus cyanus (Su) 134.7 1.86 Mesic Semifossorial McNab 1979b; Contreras 1986
Pedetidae:
Pedetes capensis (Pc) 2,300 12.27 Arid Semifossorial Mu¨ller et al. 1979
Sciuridae:
Ammospermophilus leucurus (Al) 96 1.65 Arid Semifossorial Hudson 1962
Cynomys ludovicianus (Cu) 1,112 7.04 Arid Semifossorial Reinking et al. 1977
Marmota monax (Mm) 2,650 11.04 Mesic Semifossorial Benedict 1938
Spermophilus armatus (Sr) 320 2.45 Mesic Semifossorial Hudson et al. 1972
Spermophilus beecheyi (Sy) 600 5.40 Arid Semifossorial Baudinette 1972
Spermophilus beldingi (Sb) 303 2.12 Mesic Semifossorial Hudson et al. 1972
Spermophilus lateralis (Se) 274 2.06 Mesic Semifossorial Hudson et al. 1972
Spermophilus mohavensis (Sm) 240 1.88 Arid Semifossorial Hudson et al. 1972
Spermophilus richardsoni (SR) 274 2.19 Arid Semifossorial Hudson et al. 1972
Spermophilus spilosoma (Ss) 174 1.54 Arid Semifossorial Hudson et al. 1972
Spermophilus tereticaudus (Sc) 167 1.56 Arid Semifossorial Hudson et al. 1972
Spermophilus townsendii (Sw) 229 1.76 Arid Semifossorial Hudson et al. 1972
Spermophilus tridecemlineatus (SM) 182 1.73 Mesic Semifossorial Hudson et al. 1972
Xerus inauris (Xi) 542 5.44 Mesic Semifossorial Haim et al. 1987
Spalacidae:
Spalax ehrenbergi 2np52a (S2) 116 1.84 Mesic Fossorial Nevo and Shkolnik 1974
S. ehrenbergi 2np58a (S8) 120.5 1.73 Arid Fossorial Nevo and Shkolnik 1974
S. ehrenbergi 2np60a (S0) 121 1.25 Arid Fossorial Nevo and Shkolnik 1974
Spalax leucodon (Sl) 201 2.48 Mesic Fossorial McNab 1979b
Tubulidentata:
Orycteropodidae:
Orycteropus afer (Oa) 48,000 102.40 Mesic Semifossorial McNab 1984
a These are three of the four chromosomal forms of the Spalax ehrenbergi superspecies. Each constitutes a good, though as yet unnamed, biological
species (Nevo 1991).
Appendix B
Description of Phylogenetic Derivations
Classification at subordinal levels follows that of Nowak
(1999). Monotremata diverged from other therian lineages dur-
ing the Early Jurassic (Luo et al. 2001). The Metatheria/Eutheria
split was dated according to Kumar and Hedges (1998). Di-
vergences within Marsupialia were dated according to Kirsch
et al. (1997).
Rodentia. Hystricognathi divergence and divergence within
Hystricognath and non-Hystricognath rodents dated according
to Sarich (1985). The Geomyidae/Heteromyidae divergence was
dated according to Fahlbusch (1985). Divergences within Het-
eromyidae were dated according to Hafner and Hafner (1983),
with data modified in accordance with a Mus/Rattus split of
20 Ma. Within Octodontidae, the Ctenomyinae/Octodontinae
split was dated according to Lessa and Cook (1998). Within
Muridae, divergences at the subfamily level (possibly represents
a hard polytomy) were dated according to Robinson et al.
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(1997). Other rodent divergences were dated as follows: Spa-
lacinae divergence from other Murids: Catzeflis et al. (1992).
Spalacinae/Rhizominae divergence: Robinson et al. (1997). Di-
vergence within Arvicolinae (Microtus and Pitymys): Chaline
and Graf (1988). Divergence within Murinae: Watts and Ba-
verstock (1995). Divergence within Spalacinae: Spalax leucodon/
Spalax ehrenbergi: Robinson et al. (1997). Divergence within S.
ehrenbergi superspecies: Nevo et al. (1999); Geomyidae: Smith
(1998); Bathergidae: Allard and Honeycutt (1992) and Faulkes
et al. (1997). Sciuridae: using a divergence time at the subgenus
level of 5 Ma (Smith and Coss 1984), species level divergence
was assumed to have occurred 2.5 Ma and genus-level diver-
gence was assumed to have occurred 10 Ma. A similar timescale
was adopted for other rodent species for which divergence times
are unavailable. Pedetidae: Pedetes capensis was placed at the
most ancient polytomy of the non-Hystricognath rodents,
which places it at a divergence time similar to that proposed
by Matthee and Robinson (1997). Echimyidae: divergence
within Proechimys: Corti and Aguilera (1995).
Carnivora. The Canidae/Mustelidae split was dated according
to Ledje and Arnason (1996). Divergence within Mustelidae
(at the genus level) was taken to have occurred 20 Ma based
on a Mustela/Lutra divergence of 20–25 Ma and species level
divergence within Mustela of 15 Ma (Wayne et al. 1989).
Insectivora. Divergence of Erinaceidae/Talpidae, Chryso-
chloridae, and Tenrecidae was assumed to have occurred as a
trifurcation dated using the Tenrecidae/Erinaceidae split (75
Ma; Madsen et al. 2001). Divergences within Talpidae were
dated according to Yates and Greenbaum (1982). Given that
appropriate divergence times for Erinaceidae and Chryso-
chloridae were unavailable, it was assumed that diversification
within these groups at the following levels was evenly spaced
through time: superfamily, family, subfamily, genus, subgenus,
and species. For Erinaceidae, this produced a soft polytomy
around 27 Ma where Erinaceus, Hemiechinus, and Paraechinus
diverged and another around 7.5 Ma where the three species
of Erinaceus diverged. For Chrysochloridae, this produced a
soft polytomy around 38 Ma where Eremitalpa, Chrysochloris,
and Amblysomus diverged.
Xenarthra. Given that appropriate divergence times were un-
available, it was assumed that diversification at the following
levels was evenly spaced through time: order, superfamily, fam-
ily, subfamily, genus, subgenus, and species. This produced a
soft polytomy around 40 Ma where the six armadillo genera
considered in this study diverged and another around 11 Ma
where the three species of Chaetophractus diverged.
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